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ABSTRACT The alpha subunit of type II calcium/cal-
modulin-dependent protein kinase (CAM II kinase-a) plays
an important role in longterm synaptic plasticity. We applied
preembedding immunocytochemistry (for CAM II kinase-a)
and postembedding immunogold labeling [for glutamate or
y-aminobutyric acid (GABA)] to explore the subcellular
relationships between transmitter-defined axon terminals
and the kinase at excitatory and inhibitory synapses in
thalamus and cerebral cortex. Many (but not all) axon ter-
minals ‘ending in asymmetric synapses contained presynaptic
CAM II kinase-a immunoreactivity; GABAergic terminals
ending in symmetric synapses did not. Postsynaptically, CAM
II kinase-a immunoreactivity was associated with postsynap-
tic densities of many (but not all) glutamatergic axon termi-
nals ending on excitatory neurons. CAM II kinase-a immu-
noreactivity was absent at postsynaptic densities of all
GABAergic synapses. The findings show that CAM II ki-
nase-« is selectively expressed in subpopulations of excitatory
neurons and, to our knowledge, demonstrate for the first time
that it is only associated with glutamatergic terminals pre-
and postsynaptically. CAM II kinase-« is unlikely to play a
role in plasticity at GABAergic synapses.

Type II calcium/calmodulin-dependent protein kinase (CAM
II kinase), plays important roles in cellular mechanisms of
learning and memory (1-9). By phosphorylating synapsin I, the
alpha subunit of CAM II kinase (CAM II kinase-«) facilitates
vesicle movement and transmitter release (10-16). The degree
of phosphorylation of CAM II kinase may be a detector of the
frequency of Ca?* spikes (17-19).

CAM 1I kinase exerts its effect by modulating synaptic
strength; at excitatory, glutamatergic synapses it phosphory-
lates non-N-methyl-D-aspartate (NMDA)-type glutamate re-
ceptors, which augment NMDA receptors (5, 20, 21). Fore-
brain synaptosomal fractions, enriched for asymmetrical, ex-
citatory synapses, suggest that the kinase forms the major
postsynaptic density protein (22, 23), and electron microscopic
immunocytochemistry shows localization at asymmetrical syn-
apses (24), but whether it is found at every excitatory synapse
and its relationship to symmetrical, inhibitory y-aminobutyric
acid (GABA)ergic synapses are unknown.

In the central nervous system, genes for CAM II kinase-a
and 67-kDa glutamic acid decarboxylase, the enzyme involved
in GABA synthesis, are expressed in different neuronal pop-
ulations (25-27): the first in glutamatergic, excitatory neurons
and the second, in GABAergic, inhibitory neurons. The role
of CAM II kinase-a at GABAergic synapses is thus uncertain.
In vitro studies show it can phosphorylate intracellular loops of
GABAA receptor subunit polypeptides (28-30). If this occurs
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in vivo, it could mediate plasticity at GABAergic synapses (31).
High-resolution localization is therefore needed.

MATERIALS AND METHODS

Wistar rats (200-250 g) anesthetized with Nembutal (Abbott)
were perfused with 4% paraformaldehyde/0.1-0.2% glutar-
aldehyde in 0.1 M phosphate buffer. Cerebral cortex and
thalamus were cut on a vibratome at 50—80 um and collected
in phosphate buffer.

Sections were incubated in 3% normal horse serum, washed,
and reincubated in a mouse monoclonal antibody to CAM II
kinase-a (1, 27). Sections were washed and incubated in horse
anti-mouse immunoglobulins for 2-4 hr and then reincubated
in avidin-biotin—peroxidase complex for 1 hr, followed by
3,3’-diaminobenzidine-4(HCl) and H,0,. Control sections
were stained by omitting the primary antibody.

Stained sections containing somatosensory cortex and ven-
tral posterior thalamus were osmicated, embedded in Araldite
(EM Science, Ft. Washington, PA), and resectioned at 60-70
nm. Serial thin sections were processed separately as follows:
(i) without further labeling, (ii) by additional postembedding
immunogold labeling for GABA; and (iii) by additional
postembedding immunogold labeling for glutamate.

For immunogold staining, grids were pretreated with 1%
NalO,4 and 1% HIO,, incubated in 5% normal goat serum
followed by 1:1000 rabbit anti-GABA antiserum or 1:2000-
1:3000 rabbit anti-glutamate antiserum (Sigma). After wash-
ing, grids were reincubated in goat anti-rabbit IgG conjugated
to 10- or 15-nm gold particles (Biocell Laboratories), washed,
stained with uranyl acetate and lead citrate, and examined with
electron microscopy.

Neuronal profiles were considered immunopositive when
electron-dense immunoperoxidase reaction product could be
detected in at least three serial sections or when in 3-5 serial
thin sections, the number of gold particles was at least three
times higher than background. Three hundred fifty-five serially
sectioned synapses were examined, 128 in cortex and 227 in
thalamus.

RESULTS

In somatosensory cortex, CAM II kinase-a immunoreactivity
is observed in many pyramidal neurons in layers II-VI (25, 27)
and in many small round neurons in layer IV. In ventral
posterior thalamus, most neurons are CAM II kinase-a-
positive (26).

By electron microscopy, immunoreactivity for CAM 1I
kinase-a was found in somata and dendrites. In labeled

Abbreviations: CAM II kinase, type II calcium/calmodulin-dependent
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FiG. 1. Cerebral cortex. Preembedding immunostaining for CAM II kinase-a. 4 and B show dense immunoperoxidase reaction product in
dendrites (D). Sp in A is a dendritic spine. The labeled profiles are contacted by nonimmunostained axon terminals (T) ending in asymmetrical
synapses, the postsynaptic densities of which (large arrowheads) are strongly immunoreactive for CAM II kinase-a. In B, a nonimmunoreactive
dendritic spine (Sp) and terminal (T) form an asymmetrical synapse (smaller arrowheads), which is also unlabeled. (Bars = 0.25 um.)

dendrites, concentrations of reaction product were found in
postsynaptic densities of asymmetrical synapses (Figs. 1-5). In
distal dendrites and dendritic spines, this represented most of
the reaction product (Fig. 14, 24, and 4A4). In somata,
immunoreactivity was also associated with rough endoplasmic
reticulum, Golgi apparatus, and outer membranes of mito-
chondria (data not shown); in proximal dendrites, reaction
product was also distributed inside the plasmalemma and along
microtubules. In thalamus and cerebral cortex, most synapses
on labeled somata had symmetrical membrane thickenings not
associated with CAM II kinase-a reaction product. CAM II
kinase-a-immunoreactive axon terminals invariably ended in
asymmetrical synapses (Fig. 3C) on both CAM II kinase-a-
positive and -negative dendrites. The postsynaptic densities of
many of these synapses were strongly immunoreactive for
CAM II kinase-a. Unlabeled terminals and unlabeled asym-
metrical synapses were found in small numbers (Fig. 1B).

In thalamus, CAM II kinase-a immunoreactivity in den-
drites was weakly concentrated in postsynaptic densities asso-
ciated with lemniscal (RL) (Fig. 44) and densely concentrated
in those associated with cortical (RS) axon terminals (Figs.
4B-5C). CAM II kinase-a-positive axon terminals were all RS,
although not all RS terminals (109 of 184) were labeled. RL
terminals (42 of 42) were not CAM II kinase-a-positive.

In double-stained thin sections, from cerebral cortex (Figs.
2 and 3), CAM II kinase-a immunoreactivity was found only
in axon terminals immunoreactive for glutamate and forming
asymmetrical synapses. These terminals ended on both CAM
II kinase-a-immunopositive and CAM II kinase-a-immuno-
negative somata and dendrites. Many CAM 1II kinase-a-
negative postsynaptic profiles were GABA-immunopositive
(Fig. 3C). CAM II kinase-a immunostaining was invariably
absent from postsynaptic membrane densities of symmetrical
synapses formed by GABA-labeled terminals, even those
ending on CAM II kinase-a-immunolabeled somata and den-
drites (Figs. 3 A-C and 4 C and D). No profiles contained both
CAM 11 kinase-a and GABA immunoreactivity. In thalamus,
all RL and RS terminals were glutamate-positive and ended in
asymmetrical synapses, all on CAM II kinase-a-immunoreac-
tive profiles (Figs. 4 and 5). There are no intrinsic GABAergic
neurons in this part of rodent thalamus (25, 26).

DISCUSSION

This is the first morphological evidence for a specific relation-
ship of CAM II kinase-a with a large subset of glutamatergic
synapses. CAM II kinase-a immunoreactivity is only associ-
ated with the postsynaptic membrane thickenings of asymmet-
rical synaptic contacts in which the presynaptic terminals

FiG. 2. Cerebral cortex. (4—C) Dendrites (D) and a spine (Sp) stained by preembedding immunostaining for CAM II kinase-a and excitatory
axon terminals (T) stained by postembedding immunostaining for glutamate. B and C are part of a series of sections through the same profiles.
Postsynaptic densities (arrowheads) of asymmetrical synapses are densely immunoreactive for CAM II kinase-c. (Bars = 0.25 pm.)
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FiG. 3. Cerebral cortex. (4-C) Preembedding immunostaining for CAM II kinase-« and postembedding immunostaining for GABA. 4 and
B are from a series through the same profiles. GABA-immunoreactive terminals (T) make symmetrical synapses (small arrowheads) on a small
unlabeled dendrite (D) in 4 and B and on a GABA-immunoreactive dendrite (D) in C. The synapses are not immunoreactive for CAM II kinase-c.
A, B, Postsynaptic densities (large arrowheads) of asymmetrical synapses formed by terminals not immunoreactive for CAM II kinase-a are densely
immunoreactive for CAM II kinase-a. (C) Asymmetrical postsynaptic density (large arrowheads) formed by a CAM II kinase-a-immunoreactive
terminal is not immunoreactive for CAM II kinase-a. Small arrows in 4-C indicate immunogold particles. (Inser) CAM II kinase-a-positive terminal
with a nonimmunostained postsynaptic density. [Bars = 0.25 um (4 and B), 0.1 um (C).]

contain glutamate. Some but not all of these presynaptic nase-a, and many, but not all, asymmetrical synapses are CAM
terminals are themselves immunoreactive for CAM II ki- II kinase-immunoreactive. CAM II kinase-a immunoreactivity

FIG. 4. Thalamus. Preembedding immunostaining for CAM II kinase-a and by postembedding immunostaining for glutamate (4) or GABA
(B-D). (A) RL terminal, immunoreactive for glutamate but not for CAM II kinase-a, ending in asymmetrical synapses on a large, CAM II
kinase-a-immunoreactive dendrite (D) and a spine-like dendritic appendage (Sp). Postsynaptic thickenings of these synapses (arrowheads) are
immunoreactive for CAM II kinase-a. (B and C) GABA-immunoreactive terminals (F) ending in symmetrical synapses on CAM II kinase-a-
immunoreactive dendrites (D). Postsynaptic thickenings (small arrows) of these symmetrical synapses are not associated with CAM II kinase-a
immunoreactivity, by contrast with the heavy immunoreactivity of postsynaptic thickenings of asymmetrical synapses (arrowheads) made by RS
terminals on the same dendrites. C and D are from a series through the same profiles. (Bars = 0.25 um.)
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Fic. 5. Thalamus. Sections stained by preembedding immunostaining for CAM II kinase-a and by postembedding immunostaining for
glutamate. Glutamate-immunoreactive RS terminals end on CAM II kinase-a-immunoreactive dendrites (D) in asymmetrical synapses, the
postsynaptic membranes of which (arrowheads) are densely immunoreactive for CAM II kinase-a. 4 and B are from series of sections through the

same profiles. (Bars = 0.25 um.)

is not associated with the postsynaptic membrane thickenings
of symmetrical synaptic contacts, in which the presynaptic
terminals contain GABA, even when these end on CAM 11
kinase-a-positive cells. No presynaptic GABAergic terminals
ending in symmetrical synapses are immunoreactive for
CAM-II kinase-a. Although some cortical neurons are not
CAM II kinase-a-immunoreactive, none of them are GABA-
positive. It is not yet confirmed if these neurons express other
less abundant forms (B, vy, and 8 subunits) of CAM II kinase,
but preliminary results suggest they do not (unpublished
results).

CAM II kinase-a, when applied in vitro or injected into
dissociated neurons, can phosphorylate intracellular domains
of B1, ¥2S, and y2L GABAA4 receptor subunits (28-30), like
other protein kinases (31-34). If the present observations in
fixed tissue are representative of conditions in vivo, it appears
that CAM II kinase-a is denied access to the postsynaptic sides
of GABAergic synapses as well as to the presynaptic GABA
terminals, and it is therefore unlikely to play a role in plasticity
occurring at GABAergic synapses (35). Although it is possible
that CAM II kinase-a accumulates at postsynaptic densities
during fixation, this seems unlikely, given its total absence from
the postsynaptic densities of symmetrical synapses. Whether
soluble CAM II kinase-a is available to postsynaptic receptors

at GABA synapses cannot be determined in fixed material and
requires physiological investigation.

CAM II kinase-a-immunoreactive terminals in cerebral
cortex may arise from thalamocortical, corticocortical, or
commissural axons (26, 27, 36). The postsynaptic targets of
these terminals were dendritic spines and shafts of CAM II
kinase-a-immunopositive neurons and dendrites of GABAer-
gic neurons, which is typical of the terminations of the three
types of afferent fibers in rodents (37). CAM Il kinase-a could
form a mechanism for induction of longterm changes found at
corticocortical synapses (38).

In the thalamus, CAM II kinase-a immunoreactivity was
found in many of the glutamate-positive RS or corticothalamic
(39) terminals. It was not found in glutamate-positive RL
terminals, whose parent axons arise from non-CAM II kinase-
a-expressing cells of the dorsal column and principal trigem-
inal nuclei (40). CAM II kinase-a immunoreactivity was
present in postsynaptic densities associated with asymmetrical
synapses made by RS and RL terminals but was much stronger
at RS terminals. These corticothalamic terminals activate both
metabotropic and ionotropic glutamate receptors, leading to a
combination of both long and short excitatory postsynaptic
potentials (41). Whether CAM II kinase-a is involved in
phosphorylating both types of receptor has not been tested.

CAM 1I kinase enhances currents through a-amino-3-
hydroxy-5-methyl-4-isoxazolepropidinic acid (AMPA) chan-
nels, and this enhancement is blocked if the CAM II kinase
phosphorylation site is eliminated (20, 21, 42). CAM II kinase
also enhances kainate currents associated with glutamate
receptor subunit 6 and with glutamate receptor subunit 1,
indicating that the CAM II kinase regulatory phosphorylation
site is probably conserved in all AMPA /kainate receptors (43).
Concentration of CAM II kinase-a immunoreactivity at
postsynaptic densities of glutamatergic synapses is morpho-
logical support for the postsynaptic action of CAM II kinase-«
on AMPA /kainate receptors at these synapses. Association
with NMDA receptors is likely but not demonstrated. How-
ever, CAM II kinase-« is not necessarily associated with all
glutamatergic terminals, because it is clearly absent from some
excitatory cortical neurons postsynaptically and from certain
presynaptic terminals—e.g. the terminals (RL) of the major
ascending system to the ventral posterior nucleus. It will be
interesting to determine how mismatches between pre- and
postsynaptic CAM II kinase-« functionally express themselves
and whether or not an absence of the alpha isoform is
compensated for by the presence of other isoforms.
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GABAergic terminals and the postsynaptic membranes of
all symmetrical synaptic contacts lack CAM II kinase-a im-
munoreactivity. The presynaptic lack of CAM II kinase-a was
anticipated from earlier gene expression studies (25-27). The
present findings extend this to the postsynaptic side and make
it unlikely that CAM II kinase-« is associated with GABAergic
transmission or plasticity at GABAergic synapses in the cere-
bral cortex or thalamus.
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